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The GGAs (Golgi-localized, gamma-ear-containing, ARF-binding proteins) are a family of multidomain
adaptor proteins involved in protein sorting at the frans-Golgi network of eukaryotic cells. Here we present
results from a functional characterization of the two Saccharomyces cerevisiae GGAs, Ggalp and Gga2p. We
show that deletion of both GGA genes causes defects in sorting of carboxypeptidase Y (CPY) and proteinase
A to the vacuole, vacuolar morphology, and maturation of a-factor. A structure-function analysis reveals a
requirement of the VHS, GAT, and hinge for function, while the GAE domain is less important. We identify
putative clathrin-binding motifs in the hinge domain of both yeast GGAs. These motifs are shown to mediate
clathrin binding in vitro. While mutation of these motifs alone does not block function of the GGAs in vivo,
combining these mutations with truncations of the hinge and GAE domains diminishes function, suggesting
functional cooperation between different clathrin-binding elements. Thus, these observations demonstrate that
the yeast GGAs play important roles in the CPY pathway, vacuole biogenesis, and a-factor maturation and
identify structural determinants that are critical for these functions.

The GGAs (Golgi-localized, gamma-ear-containing, ARF-
binding proteins) are ubiquitous adaptor-like proteins that as-
sociate with the cytoplasmic face of the trans-Golgi network
(TGN) (4, 16, 22, 37, 47). Three GGAs exist in humans
(GGA1, GGA2, and GGA3), one each exists in Drosophila
melanogaster and Caenorhabditis elegans, and two exist in the
budding yeast Saccharomyces cerevisiae (Ggalp and Gga2p).
The GGAs are monomeric but have a multidomain structure
consisting of VHS (Vps27, Hrs, and STAM), GAT (GGA and
TOM), hinge, and GAE (gamma-adaptin ear) domains.

Biochemical and immunocytochemical analyses have re-
vealed that each of the four GGA domains serves a specific
function. The VHS domain of the human GGAs functions as a
recognition module for acidic cluster-dileucine sorting signals
contained within the cytosolic tails of sortilin (31) and the
cation-independent (CI) and cation-dependent (CD) mannose
6-phosphate receptors (MPRs) that sort lysosomal hydrolases
to lysosomes (38, 56). The GAT domain of human and yeast
GGAs mediates interactions with the GTP-bound form of
members of the ARF (ADP-ribosylation factor) family of pro-
teins (4, 16, 55). GAT-ARF interactions are responsible for the
regulated recruitment of the GGAs from the cytosol to the
Golgi complex (4, 16, 39). The hinge domain of all the GGAs
contains putative clathrin-binding motifs composed of acidic
and bulky hydrophobic amino acids (16, 39). For the human
GGAs, these motifs have been shown to mediate interactions
with clathrin in vitro and to promote recruitment of clathrin to
the TGN in vivo (39). Finally, the GAE domain of the human
GGAs binds proteins such as y-synergin and rabaptin-5, which
may function to regulate assembly of GGA-containing coats or
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formation of coated vesicular carriers (22, 47). These proper-
ties of the human GGA domains indicate that they may me-
diate ARF-dependent recruitment of clathrin to the TGN in
order to sort intracellular cargo receptors from the TGN to the
endosomal system. Despite the detailed characterization of the
properties of GGA domains, the significance of these proper-
ties for the function of the GGAs in vivo remains to be as-
sessed.

The existence of two GGAs in yeast provides an opportunity
to perform analyses of the physiological roles of the GGAs in
an organism easily amenable to genetic manipulation. In yeast,
biosynthetic protein sorting from the Golgi complex to the
vacuole, the equivalent of the mammalian lysosome, is medi-
ated by two principal routes (for reviews, see references 7, 12,
26, and 29). The alkaline phosphatase (ALP) pathway sorts
vacuolar proteins such as ALP and the t-SNARE Vam3p from
the Golgi complex to the vacuole directly. Formation of Golgi
complex-derived carrier vesicles and transport through this
pathway require the adaptor protein (AP) complex AP-3 (14,
46) and the VPS (vacuolar protein sorting) gene products
Vps41p/Vam2p, Vps39p/Vam6p (30), and Vpslp (32, 49), a
member of the dynamin family of proteins (49). In contrast, the
carboxypeptidase Y (CPY) pathway sorts vacuolar proteins
including CPY and proteinase A (PrA) and subunits of the
vacuolar ATPase from the Golgi complex to the vacuole via a
prevacuolar endosomal compartment (PVC). Sorting of both
CPY and PrA through this pathway is mediated by interactions
with the transmembrane receptor Vps10p, which delivers these
proteins to the PVC prior to recycling back to the Golgi com-
plex (13, 27). Vesicle formation and transport in the CPY
pathway involve the coat-scaffolding protein clathrin (10, 45),
the putative aminophospholipid translocase Drs2p (11), and
the synaptojanin-like proteins Inp52p and Inp53p (1, 33), as
well as numerous VPS gene products, including Vpsdlp/
Vam2p, Vps39p/Vam6p (30), and Vpslp (1, 49). Mutations in
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TABLE 1. Yeast strains used in this study

Strain Genotype Reference or source
CMY119 MATo ggal AI::TRPI gga2Al::HIS3 ura3-52 leu2-3,112 his3-A200 trp1-A901 lys2-801 suc2-A9 16
SEY6210 MATo ura3-52 leu2-3,112 his3-A200 trp1-A901 lys2-801 suc2-A9 42
SEY6211 MATa ura3-52 leu2-3,112 his3-A200 trp1-A901 ade2-101 suc2-A9 42
RC634 MATa sstl-3 rme ade2-1 ural his6 metl canl cyh2 GAL 9
JHRY28-3A MATo ura3-52 vps1“ Tom Stevens lab
BJ2407 MATa/MATao prbl-1122/prb1-1122 prcl1-407/prc1-407 pep4-3/pep4-3 leu2/leu2 trpl/trpl ura3-52/ura3-52 Neil Green lab

gal2/gal2

“ The vps1 allele was also originally referred to by the designations vplI-I1 and vpt26.

factors operating in these respective pathways result, to differ-
ing degrees, in impaired vacuolar sorting and defects in vacu-
ole biogenesis. The yeast GGAs appear to play important,
redundant roles in biosynthetic sorting to the vacuole based on
studies of a mutant ggalA gga2A strain containing disruptions
of both yeast GGA genes. This mutant is defective for trans-
port of pro-CPY to the vacuole and missorts pro-CPY to the
periplasmic space (16, 22, 55). The ggalA gga2A mutant was
also found to be defective in sorting of the syntaxin Pep12p
from the Golgi complex to late endosomes (2). The presence of
a vacuolar morphology defect in ggalA gga2A cells has, how-
ever, been debated, with one study reporting abnormal mor-
phology (22) and another showing no morphological differ-
ences between wild-type and ggalA gga2A strains (55).

As is evident from the well-defined phenotypes arising from
mutations in the yeast GGA genes, these proteins appear to
play an important role in biosynthetic protein sorting. To ex-
pand our understanding of the GGASs’ function and to assess
the relative importance of the different GGA domains in vivo,
we have performed a structure-function analysis of yeast
Ggalp and Gga2p. First, we elaborate on the ggalA gga2A
mutant phenotype by reporting defects in sorting of additional
vacuolar proteins and abnormal vacuolar morphology and a
strong defect in maturation of the mating pheromone a-factor.
We then analyze the functional requirement of individual
GGA domains and find that the VHS, GAT, and hinge do-
mains are important for GGA-mediated pro-CPY sorting and
pro-a-factor processing, while the GAE domain appears less
important. In addition, we show that, like their human coun-
terparts, the yeast GGAs are capable of binding clathrin via
acidic-bulky-hydrophobic motifs in their hinge domains. We
also present evidence that these clathrin-binding motifs con-
tribute to GGA-mediated sorting in vivo. Finally, mutational
analysis of the Gga2p VHS domain identifies a highly con-
served sequence important for this protein’s function.

MATERIALS AND METHODS

Media, strains, and antibodies. S. cerevisiae cells were grown at 30 or 25°C in
yeast extract-peptone-dextrose (YEPD) medium (rich medium) or synthetic
complete (minimal) medium supplemented with amino acids and nucleotides
where appropriate. Plasmids expressing prototrophic markers were maintained
by growth of transformed strains in synthetic complete medium lacking the
respective amino acid or nucleotide (selective medium). All media and supple-
ments were obtained from Bio 101 (Vista, Calif.). Genotypes of yeast strains used
in this study are listed in Table 1. Plasmid manipulations were performed in
Escherichia coli strain DH5a (PGC Scientifics, Gaithersburg, Md.) using stan-
dard transformation protocols and media. Mouse monoclonal HA.11 antihem-
agglutinin (anti-HA) antibodies were obtained from Covance (Vienna, Va.).
Mouse anti-CPY antibodies were purchased from Molecular Probes (Eugene,
Oreg.). Mouse anti-a-factor (af), anti-PrA, anti-clathrin heavy chain (Chclp),

anti-Kar2p, and rabbit anti-ALP antibodies were the generous gifts of Todd
Graham, Carol Woolford, Sandra Lemmon, Mark Rose, and Tom Stevens,
respectively.

Metabolic labeling, immunoprecipitation, and immunoblotting. Metabolic la-
beling of yeast cells with 3°S Express label (NEN Life Science Products, Boston,
Mass.), pulse-chase analyses, immunoprecipitations, and preparation of whole-
cell lysates were performed at 30°C according to published protocols (5). For
a-factor experiments, cells were pulse-labeled at 25°C, as temperatures lower
than 30°C have been used to visualize a-factor-processing intermediates (21).
Immunoprecipitates were analyzed by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and autoradiography. For immunoblotting, pro-
tein samples were resolved by SDS-PAGE and transferred to Protran nitrocel-
lulose membranes (Schleicher and Schuell, Dassel, Germany), followed by incu-
bation with appropriate primary antibodies, incubation with horseradish
peroxidase-conjugated secondary antibodies, and visualization with enhanced
chemiluminescence reagents (NEN Life Sciences Products, Inc.) according to
the manufacturer’s protocols.

Microscopy analysis of yeast vacuoles. To visualize yeast vacuoles in vivo, cells
were grown in YEPD to 1 to 3 units of optical density at 600 nm (ODy,) per ml
at 30°C and treated with vital dyes N-(3-triethylammoniumpropyl)-4-(p-diethyl-
aminophenylhexatrienyl) (FM4-64) and 5-(and -6)-carboxy-2',7'-dichlorofluo-
rescein diacetate (CDCFDA) (Molecular Probes) essentially as described pre-
viously (50) with slight modifications. In brief, cells were pelleted and
resuspended to 30 units of ODyyo/ml in fresh YEPD to which FM4-64 (as a 16
mM stock in dimethyl sulfoxide) was added to a 40 pM concentration or in fresh
YEPD containing 50 mM citric acid, pH 5.0, to which CDCFDA (as a 10 mM
stock in dimethylformamide) was added to a 10 uM concentration. Cells with
FM4-64 and CDCFDA were incubated with shaking for 15 and 20 min, respec-
tively, at 30°C in a darkened incubator. Following incubation, cells were pelleted
(700 X g for 3 min) and washed twice with YEPD. Cells with CDCFDA were
resuspended in YEPD to 30 units of ODgo/ml and examined immediately. Cells
with FM4-64 were resuspended in YEPD to 15 units of ODg/ml and further
incubated for 45 min at 30°C with shaking, after which time they were pelleted,
resuspended in fresh YEPD to 30 units of ODg,/ml, and examined immediately.
Cell suspensions were viewed on standard glass slides using an Olympus (Ster-
ling, Va.) PlanApo 100X objective with a 1.4-mm numerical aperture on an
Olympus IX70 fluorescence microscope (excitation and emission wavelengths for
dyes were as recommended by Molecular Probes). Cells were imaged using
TILLviSION v3.3 software (T.IL.L. Photonics GmbH, Martinsried, Germany).

CPY colony blotting and a-factor secretion assays. Colony blot assay for CPY
mislocalization was performed essentially as previously described (41) with slight
modifications. In brief, strains were grown to 1 to 1.5 units of ODg,/ml at 30°C
and concentrated to 0.2 units of ODgyye/ml and 5 pl was spotted on selective
medium. Plates were incubated overnight at 30°C to allow cell growth, after
which a nitrocellulose membrane (see above) was prewetted with distilled H,O
and placed on colonies, and incubation was continued for an additional 12 to
14 h. Membranes were then removed, rinsed with distilled H,O, and incubated
with anti-CPY antibodies (1:4,000 dilution), followed by incubation with horse-
radish peroxidase-conjugated secondary antibody and visualization with en-
hanced chemiluminescence reagents as described above. Densitometry measure-
ments were derived using NIH Image version 1.62 software from multiple trials
(average n = 6). Mean = standard errors were calculated and are reported in
Table 3. Densitometry measurement for ggalA gga2A mutant cells containing
empty vector was performed as an internal control in each trial, weighed as 100%
missorting, and used to calculate percentages of strains tested. These percent-
ages of missorting were used to produce the scoring system presented in Fig. 3
and 6 (see legend to Fig. 3). For a-factor secretion assays, sst/-3 mutant strain
RC634 was grown overnight at 30°C to stationary phase in 10 ml of YEPD. Cells
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were pelleted and resuspended in 10 ml of fresh medium. A 200-pul aliquot was
removed and spread evenly on an agar plate containing YEPD which was then
used immediately. Strains to be tested for a-factor secretion were grown to 1 to
1.5 units of ODggy/ml at 30°C, concentrated to 1 unit of ODg,/ml, and serially
diluted in distilled H,O to concentrations indicated in the figure legends. Three
microliters of each dilution was spotted on plates containing RC634 cells. Plates
were incubated at 30°C for approximately 48 to 72 h to allow visualization of
a-factor-induced RC634 growth inhibition (i.e., growth halo).

Preparation of GGA truncation-epitope tag and glutathione S-transferase
(GST) fusion constructs, site-directed mutagenesis, and preparation of KEX2
epitope-tagged construct. Full-length and truncated open reading frame (ORF)
sequences for yeast GGAI and GGA2 were amplified from cDNAs (16) through
PCR using an Advantage cDNA PCR kit (Clontech, Palo Alto, Calif.) and
oligonucleotide primers containing BamHI (5’ primer) and Aval (3’ primer)
restriction sites. PCR products were cloned directionally using standard molec-
ular biology methods into the multiple cloning site of yeast expression vector
pYX112 (R & D Systems, Minneapolis, Minn.) to produce an in-frame fusion at
the 3’ terminus with the HA epitope coding sequence (plasmids used are listed
in Table 1). Sequences encoding Gga2p hinge truncation mutants were amplified
using the above 5’ primer and a 3" primer containing a STOP sequence (TAA)
and a HindlIII restriction site for directional cloning into pYX112. The DNA
sequence of fragments encoding all Ggalp and Gga2p truncations may be in-
ferred through analyzing yeast GGAI (ORF YDR358w) and yeast GGA2 (ORF
YHR108w) coding sequences relative to the corresponding amino acids pre-
sented in the text and tables. To generate GGA1 and GGA2 GAT point mutants,
site-directed mutagenesis was performed using a QuickChange site-directed mu-
tagenesis kit (Stratagene, La Jolla, Calif.) according to the manufacturer’s in-
structions. Oligonucleotide primers were designed to contain nucleotide changes
that generate alanine substitutions for asparagines 215 and 219 in Ggalp and
Gga2p, respectively. Mutant proteins were cloned into pYX112 as described
above. Western blot analyses demonstrate that wild-type and mutant GGA
proteins are expressed at similar levels (data not shown). The Kex2p ORF was
amplified from yeast genomic DNA using the Advantage cDNA PCR kit (Clon-
tech) and oligonucleotide primers containing BamHI (5" primer) and Sa/l (3’
primer) restriction sites. The resultant product was cloned directionally into
pYX112 to produce an in-frame fusion at the 3’ terminus with the HA epitope
coding sequence. Kex2p containing an HA epitope at the C terminus is known to
functionally replace endogenous Kex2p in vivo (32). To generate GST fusion
constructs, DNA sequences encoding Ggalp VHS/GAT (amino acids [aa] 1 to
331) and hinge/GAE (aa 332 to 557) domains and Gga2p VHS/GAT (aa 1 to
336), hinge/GAE (aa 337 to 585), Ahinge/GAE (aa 357 to 585), and GAE (aa 472
to 585) domains were amplified as described above using oligonucleotide primers
containing BamHI (5" and 3’ primers) restriction sites for GGAI fragments and
BamHI (5" primer) and Xhol (3’ primer) restriction sites for GGA2 fragments.
PCR products were cloned directionally into bacterial GST expression vector
pGEX-5x-1 (Pharmacia Biotech, Piscataway, N.J.) to create in-frame fusions at
the 5’ terminus with the GST coding sequence. Site-directed mutagenesis was
performed using a QuickChange site-directed mutagenesis kit (Stratagene) ac-
cording to the manufacturer’s instructions. Oligonucleotide primers were de-
signed to contain nucleotide changes that generate alanine substitutions for the
first two residues of putative clathrin-binding motifs in Ggalp (LIDFD changed
to AADFD; LLDFD changed to AADFD) and Gga2p (LIDFN changed to
AADFN). Further details of plasmid construction and primer sequences used in
PCR methods and site-directed mutagenesis reactions are available upon re-
quest.

Preparation of yeast cytosolic protein extract and clathrin-binding assay. For
isolation of cytosolic proteins, protease-deficient yeast strain BJ2407 was grown
at 30°C to 1 to 1.5 units of ODgo/ml. Three liters of cells was pelleted (5,000 X
g for 10 min), washed once in distilled H,O, and resuspended in a total of 10 ml
of ice-cold lysis buffer (20 mM Tris-HCI [pH 7.5], 1 mM EDTA, 1 mM 2-mer-
captoethanol, 50 mM NaCl, and 0.05% [wt/vol] NaN3) with protease inhibitors
leupeptin (0.5 wg/ml), pepstatin (0.7 wg/ml), aprotinin (1 wg/ml), and 4-(2-
aminoethyl)-benzenesulfonyl fluoride hydrochloride (0.25 mM). Acid-washed
glass beads were added to cell slurry to a one-half volume. Cells were vortexed
at top speed at 4°C for 30 s and chilled on ice for 30 s; this was repeated 10 times.
The lysate was removed and centrifuged (5,000 X g for 15 min) at 4°C to remove
unbroken cells and debris. The supernatant was decanted and subjected to a
high-speed spin (110,000 X g for 1 h) at 4°C. The resulting supernatant (S100)
representing the cytosolic protein fraction was removed, and the protein con-
centration was determined using the Bio-Rad protein assay (Bio-Rad Labora-
tories, Hercules, Calif.). Sterile glycerol was added to a 10% concentration to the
extract, which was then divided into 1-ml aliquots (2.5 mg/ml) and frozen at
—70°C until used.
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For use in the clathrin-binding assay, GST fusion proteins were isolated from
bacteria using glutathione-Sepharose (Pharmacia Biotech) according to the man-
ufacturer’s directions. One hundred micrograms of each isolated GST fusion was
then bound to 50 pl of glutathione-Sepharose in phosphate-buffered saline
(PBS) with protease inhibitors (as above for lysis buffer) in a total of 1 ml by
rotation for 30 min at room temperature. Bound GST fusions were then pelleted
(12,000 X g for 15 s) and washed once with PBS. Aliquots of the S100 cytosolic
protein extract (see above) were thawed on ice and centrifuged at 4°C (12,000 X
g for 10 min) to remove aggregates, and supernatant was added to each gluta-
thione-GST fusion complex. Incubation proceeded for 4 h at 4°C by rotation.
Following incubation, glutathione-GST fusion complexes with bound cytosolic
proteins were pelleted (100 X g for 2 min) at 4°C. The pellet was washed once
with PBS containing protease inhibitors, resuspended in 50 pl of 4X protein
sample buffer (5), and heated at 95°C for 5 min, and aliquots representing 20 pg
were analyzed by SDS-PAGE followed by immunoblotting as described above.
To test for clathrin depletion, volumes representing 50 pg of protein were
removed from post-pull-down supernatants and precipitated with trichloroacetic
acid. Precipitated proteins were resuspended in 4 X protein sample buffer, heated
at 95°C for 5 min, and analyzed by SDS-PAGE and immunoblotting as described
above. An aliquot representing 2% (50 wg) of the original cytosolic extract was
also analyzed in this manner. To estimate the percentage of clathrin bound by
GST fusions, densitometry was performed on multiple trials of anti-Chclp im-
munoblots of GST pull-down (n = 2 or 3) using NIH Image software, version
1.62. Values obtained were corrected for loading, averaged, and presented as
percentages of clathrin bound to GST fusion relative to clathrin input (i.e.,
100%).

RESULTS

A double mutant of yeast GGAI and GGA2 displays defec-
tive sorting of multiple vacuolar hydrolases and altered vacu-
olar morphology. Yeast Ggalp and Gga2p share homology
with various components of the protein trafficking machinery
and play an apparently redundant role in efficient sorting of the
vacuolar hydrolase CPY (16, 22, 55). Here we further elabo-
rate on the requirement of the yeast GGAs in biosynthetic
sorting from the Golgi complex to the vacuole by examining
the processing of additional vacuolar proteins. We subjected
wild-type and ggalA gga2A mutant cells (Table 1) to pulse-
chase analyses followed by immunoprecipitation (Materials
and Methods) with antibodies to vacuolar hydrolases CPY and
PrA, substrates of the CPY sorting pathway, and ALP, a sub-
strate of the ALP sorting pathway. As seen in Fig. 1A, ggalA
gga2A mutant cells (lanes 5 to 8) exhibited a delayed and
incomplete maturation of CPY relative to that of wild type
(lanes 1 to 4), presumably due to impaired sorting of the
69-kDa Golgi complex-modified form of CPY (p2 CPY) to the
vacuole, where final processing occurs, yielding the 61-kDa
mature form (mCPY). The ggalA gga2A mutant also displayed
a slower processing of the 52-kDa Golgi complex-modified
form of PrA (p2 PrA) to the 42-kDa vacuolar, mature form
(mPrA), with p2 PrA visible even after 30 min into the chase
(lane 8). Interestingly, a slight ALP processing defect was also
reproducibly seen in the ggalA gga?A mutant. Here, more of
the 74-kDa Golgi complex-modified form of ALP (pALP) ap-
peared present in the pulse (lane 5), with slower processing to
the 72-kDa vacuolar, mature form (mALP) over the first 5 min
of the chase (lane 6), relative to wild-type cells (lanes 1 and 2).
These results suggest that the yeast GGAs participate in the
CPY pathway for sorting of multiple vacuolar hydrolases and
may also participate to a small degree in sorting via the ALP
pathway.

Vacuolar protein sorting (vps) mutants are often abnormal
for vacuole number and structure, a finding that has led to
grouping of these mutants into six classes (A to F) according to
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FIG. 1. The ggalA gga2A mutant displays a sorting defect for mul-
tiple vacuolar hydrolases and exhibits abnormal vacuolar morphology.
(A) Vacuolar hydrolase processing in wild-type and ggalA gga2A mu-
tant cells. Wild-type (lanes 1 to 4) and ggalA gga2A mutant (lanes 5 to
8) cells were pulse-labeled (P) for 10 min, and labeled proteins were
chased for the times indicated (in minutes). Sequential immunopre-
cipitations from lysates were performed using anti-CPY, anti-PrA, and
anti-ALP antibodies as described in Materials and Methods. Immuno-
precipitated proteins were resolved by SDS-PAGE (8% acrylamide
gels) and analyzed by fluorography. p1 CPY, p2 CPY, and mCPY refer
to ER-glycosylated pro-CPY (67 kDa), Golgi complex-glycosylated
pro-CPY (69 kDa), and mature (vacuolar) CPY (61 kDa), respectively.
p2 PrA and mPrA refer to Golgi complex-glycosylated pro-PrA (52
kDa) and mature (vacuolar) PrA (mPrA) (42 kDa), respectively. pALP
and mALP refer to membrane-bound, Golgi complex-glycosylated
pro-ALP (74 kDa) and soluble, mature (vacuolar) ALP (mALP) (72
kDa), respectively. The asterisk indicates the position of a pseudoma-
ture form of CPY. (B) Analysis of vacuolar morphology of wild-type
and ggalA gga2A and vps] mutant cells by light microscopy. Wild-type,
ggalA gga?A, and vps! cells were incubated with vacuolar membrane-
specific dye FM4-64 and vacuolar lumen-specific dye CDCFDA as
described in Materials and Methods. Vacuoles were visualized by flu-
orescence microscopy using a small amount of transmitted light to
reveal cell size and shape.

their vacuole morphology (40). Recent studies examining
ggalA gga?A cells have come to somewhat different conclusions
concerning their vacuole morphology (22, 55). Here, we exam-
ined the requirement of the yeast GGAs in maintenance of
proper vacuole morphology through staining vacuoles with vi-
tal dyes specific for vacuolar membranes (FM4-64) and the
vacuole lumen (CDCFDA) (50). As shown in Fig. 1B, wild-
type cells exhibited normal vacuole number and morphology.

MoL. CELL. BIOL.

In contrast, vacuoles in ggalA gga?A mutant cells appeared
enlarged, with surrounding smaller, possibly fragmented, vac-
uolar structures. This vacuole morphology is similar to the
class F phenotype seen for the vpsI mutant (Fig. 1B), which is
defective in a dynamin-like GTPase associated with Golgi
membranes (49, 53). Such class F mutants typically contain a
large, central vacuole surrounded by smaller class B-like vac-
uolar structures (40). This finding confirms a vacuolar mor-
phology defect in the ggalA gga2A mutant as being similar to
class F mutants and establishes that the yeast GGAs are re-
quired for proper vacuole biogenesis.

The ggalA gga2A mutant displays a defect in a-factor mat-
uration and a decrease in Kex2p levels. To further define the
requirement of the GGAs in sorting from the Golgi complex,
we analyzed a-factor maturation. The mating pheromone
a-factor is synthesized as a pre-pro-form that is subject to
endoplasmic reticulum (ER) and Golgi complex glycosylation
and cleavage by the Golgi complex-localized endoprotease
Kex2p (20). This proteolytic processing produces mature
a-factor peptides that are secreted and act to prepare MATa
cells for mating. To examine secretion of mature a-factor,
wild-type (MATa), ggalA gga2A mutant (MATw), and wild-
type (MATa) cells, as a negative control, were spotted on a
lawn of a MATa strain which undergoes G, arrest upon expo-
sure to even low levels of the pheromone (9). This assay re-
vealed diminished levels of mature a-factor secretion from the
ggalA gga?A mutant as measured by the smaller zone of inhi-
bition of the tester strain relative to that seen around wild-type
cells (Fig. 2A). To define the block in a-factor maturation
producing this secretion defect, the above strains were sub-
jected to pulse-labeling and immunoprecipitation analysis with
anti-a-factor antibodies (Materials and Methods). This analy-
sis revealed an accumulation of high-molecular-weight a-fac-
tor species in the ggalA gga?A mutant. The size of these species
(ranging from ~90 to 150 kDa) suggests that they are al-3-
linked mannose-modified forms of pro-a-factor generated in
the Golgi complex. Additional species with molecular masses
of ~6 to 8 kDa were also seen to accumulate in the ggalA
gga2A mutant. These may represent late-Golgi complex species
in various states of processing but with the highly glycosylated
prosequence removed.

In vps! cells, proteins that normally cycle between the late-
Golgi complex and endosomal compartments, such as the CPY
receptor VpslOp and Kex2p, as well as proteins destined for
the vacuole, such as ALP, are mislocalized to the plasma mem-
brane (32). This mislocalization precedes transport of Vps10p
and Kex2p to the vacuole (32). Based on the observed defect in
pro-a-factor processing in the Golgi complex, we sought to test
the steady-state levels of Kex2p in our GGA-deficient mutant.
For this purpose, we examined wild-type, ggalA gga2?A, and
vpsl mutant cells expressing an epitope-tagged Kex2p (Table 2
lists plasmids used). We observed a decrease in Kex2p steady-
state levels in the ggalA gga2A mutant (Fig. 2C, lane 2) relative
to wild type (lane 1). However, the decrease was not as severe
as was seen in vpsI mutant cells (lane 3).

In combination, these results indicate that the yeast GGAs
are required for efficient Golgi complex processing of pro-a-
factor and that the observed defect in a-factor maturation seen
in the ggalA gga?A mutant is possibly due to missorting of the
Golgi endoprotease Kex2p.
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FIG. 2. The ggalA gga2A mutant is defective for a-factor matura-
tion and shows a decrease in Kex2p levels. (A) Secretion of mature
a-factor in the ggalA gga2A mutant. Wild-type (MATw), ggalA gga2A
(MATa) mutant, and wild-type (MATa) (negative control) cells were
serially diluted to concentrations indicated, and equal amounts were
spotted on rich medium (YEPD) containing a freshly spread lawn of
a-factor-supersensitive mutant strain RC634 (MATa sst/-3). The agar
plate was then incubated at 30°C to assess a-factor secretion of test
strains as indicated by relative growth inhibition of ss¢7-3 mutant cells
(halo). (B) Processing of a-factor in the ggalA gga2A mutant. Strains
described for panel A were pulse-labeled at 25°C for 7.5 min as de-
scribed in Materials and Methods. Various a-factor Golgi-processing
intermediates and mature a-factor were immunoprecipitated with an-
ti-a-factor antibodies, resolved by SDS-PAGE (4 to 20% acrylamide
gels), and analyzed by fluorography. paf (pro-a-factor) denotes a
range of high-molecular-mass a-factor intermediates (~90 to 150 kDa)
containing the pro-region and Golgi complex-derived, complex glyco-
sylation. unglyc and core refer to unglycosylated (~20-kDa) and ER-
localized, core-glycosylated (~26-kDa) forms of pro-a-factor, respec-
tively. inter-af and maf represent a range of low-molecular-mass
a-factor intermediates (probably the a-factor tetrapeptide in various
states of processing but with the prosequence removed) (~6 to 8 kDa)
and the 13-aa terminally processed (mature-secreted) form (~2 kDa),
respectively. Relative positions of molecular mass markers are indi-
cated on the right. (C) Steady-state levels of Kex2p in the ggalA gga2A
mutant. Whole-cell lysates were prepared from wild-type, ggalA gga2A,
and vps! cells expressing epitope-tagged Kex2p. Proteins were resolved
by SDS-PAGE (8% acrylamide gels) and analyzed by immunoblotting
using anti-HA and anti-Kar2p (to assess relative protein loading) an-
tibodies as described in Materials and Methods. Positions of Kex2p
and Kar2p and molecular mass size markers are indicated.

Yeast GGA domains are differentially required for protein
function in vivo. The yeast GGAs, like their mammalian ho-
mologs, display a modular organization consisting of an amino-
terminal VHS domain, a GAT domain, a variable hinge region,
and a carboxy-terminal GAE domain (4, 16, 22, 43, 47). To
address the relative importance of these domains for GGA
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function in vivo, a series of truncation mutants of Gga2p were
produced (Fig. 3A) and expressed in the ggalA gga2A mutant.

The ggalA gga2A mutant displays a defect in CPY sorting
with a substantial percentage of CPY missorted to the periplas-
mic space (16, 22, 55). Missorted CPY is easily detectable
through immunoblotting of colonies using anti-CPY antibodies
(Materials and Methods). Initially, we examined the above
truncations for their ability to complement this phenotype
(Fig. 3B) (scoring of complementation is noted in Fig. 3A). We
found the gga2-AGAE mutant complemented to a level similar
to that of wild-type Gga2p with =5% CPY missorting (see
Materials and Methods and Fig. 3 legend for method of cal-
culating percent CPY missorting and Table 3 for summary of
relative percent CPY missorted in strains tested) detected in
blot assay. The gga2-Ah/GAE and gga2-AVHS mutants com-
plemented much less, and the gga2-AVHS/GAT mutant pro-
vided little or no apparent complementation relative to con-
trols.

The ability of these truncations to complement the ggalA
gga2A mutant CPY processing defect was then assessed
through pulse-chase and immunoprecipitation analysis (Mate-
rials and Methods). As shown in Fig. 3C, results paralleled
those from the CPY missorting analysis, with truncation mu-
tants displaying different degrees of complementation. CPY
processing kinetics ranged from apparently wild-type level in
mutant cells expressing the gga2-AGAE mutant (lanes 7 and 8)
to similar to vector alone in cells expressing the gga2-AVHS/
GAT mutant (lanes 13 and 14). Mutant cells expressing the
gga2-Ah/GAE (lanes 9 and 10) and gga2-AVHS (lanes 11 and
12) mutants displayed intermediate levels of CPY processing
relative to controls. To further address the importance of the
GAT domain to GGA function, we produced GGAl and
GGA2 mutants containing N215A and N219A point muta-
tions, respectively. This asparagine residue is conserved in
mammalian and yeast GGA proteins and has been demon-
strated to be important for Golgi localization of mammalian
GGA3 (39). ggalA gga2A cells expressing wild-type and GAT
mutant proteins were examined for CPY missorting as de-
scribed above. Results indicated a reduced ability to comple-
ment the CPY missorting defect by both mutant proteins,
though the effect was stronger for the GGA2 mutant (Fig. 3D
and Table 3).

To eliminate the possibility that our GGA mutant gga2-
AVHS/GAT acts as a dominant negative, we expressed this
mutant and a second AVHS/GAT mutant containing a muta-
tion in a putative clathrin-binding motif (described in the fol-
lowing section) in wild-type cells and assayed for any increase
in CPY mislocalization. We detected no appreciable increase
in CPY mislocalization relative to vector alone (Fig. 3E and
Table 3), indicating that these fusions do not act in a dominant
manner at these expression levels. This was important to ex-
amine based on findings described in the following section
which show strong clathrin-binding activity by the h/GAE re-
gion of GGA2.

As the ggalA gga2A mutant also displayed a defect in a-fac-
tor maturation, we sought to examine the ability of the Gga2p
mutants to complement this phenotype. Mutant cells express-
ing Gga2p truncations were assayed for secretion of mature
a-factor (Fig. 4A) and for pro-a-factor processing (Fig. 4B).
Both assays revealed findings similar to the above analyses of
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TABLE 2. Plasmids used in this study

MoL. CELL. BIOL.

Plasmid Description” Reference
pCM54B4 CEN-URA plasmid encoding Ggalp-HA (pYX112 based) This study
pCM89B2 CEN-URA plasmid encoding Ggalp-HA containing CBS#1 and CBS#2 mutations (pYX112 based) This study
pCM123B3 CEN-URA plasmid encoding Ggalp-AGAE (aa 445-557)-HA (pYX112 based) This study
pCM124B5 CEN-URA plasmid encoding Ggalp-AGAE (aa 445-557)-HA containing CBS#1 and CBS#2 mutations (pYX112  This study

based)
pCM53-3 CEN-URA plasmid encoding Gga2p-HA (pYX112 based) This study
pCM90-3 CEN-URA plasmid encoding Gga2p-HA containing CBS#1 mutation (pYX112 based) This study
pCM62-2 CEN-URA plasmid encoding Gga2p-AGAE (aa 472-585)-HA (pYX112 based) This study
pCM126-4 CEN-URA plasmid encoding Gga2p-AGAE (aa 472-585)-HA containing CBS#1 mutation (pYX112 based) This study
pCM63-1 CEN-URA plasmid encoding Gga2p-Ahinge/GAE (aa 337-585)-HA (pYX112 based) This study
pCM64-1 CEN-URA plasmid encoding Gga2p-AVHS (aa 1-169)-HA (pYX112 based) This study
pCM65-2 CEN-URA plasmid encoding Gga2p-AVHS/GAT (aa 1-336)-HA (pYX112 based) This study
pCM135-1 CEN-URA plasmid encoding Gga2p-AVHS (aa 1-39)-HA (pYX112 based) This study
pCM136-3 CEN-URA plasmid encoding Gga2p-AVHS (aa 1-77)-HA (pYX112 based) This study
pCM137-2 CEN-URA plasmid encoding Gga2p-AVHS (aa 1-97)-HA (pYX112 based) This study
pCM138-1 CEN-URA plasmid encoding Gga2p-AVHS (aa 1-132)-HA (pYX112 based) This study
pCM139-1 CEN-URA plasmid encoding Gga2p-AVHS (aa 1-155)-HA (pYX112 based) This study
pCM142B-3  CEN-URA plasmid encoding Gga2p-Ahinge/GAE (aa 442-585) (pYX112 based) This study
pCM143B-9  CEN-URA plasmid encoding Gga2p-Ahinge/GAE (aa 409-585) (pYX112 based) This study
pCM144B-4  CEN-URA plasmid encoding Gga2p-Ahinge/GAE (aa 370-585) (pYX112 based) This study
pCM146-16 ~ CEN-URA plasmid encoding Gga2p-Ahinge/GAE (aa 409-585) containing CBS#1 mutation (pYX112 based) This study
pCM147-8 CEN-URA plasmid encoding Gga2p-Ahinge/GAE (aa 370-585) containing CBS#1 mutation (pYX112 based) This study
pCMS85-1 CEN-URA plasmid encoding Ggal-N215A (pYX112 based) This study
pCM86-5 CEN-URA plasmid encoding Gga2-N219A (pYX112 based) This study
pCM147-8 CEN-URA plasmid encoding Gga2p-Ahinge/GAE (aa 370-585) containing CBS#1 mutation (pYX112 based) This study
pCM146-1 CEN-URA plasmid encoding Gga2p-hinge/GAE (aa 337-585) containing CBS#1 mutation (pYX112 based) This study
pCM133-2 CEN-URA plasmid encoding Kex2p-HA (pYX112 based) This study
pCM102-2 GST fusion vector pGEX-5X-1 encoding GST-Ggalp-VHS/GAT (aa 1-331) This study
pCM24-1 GST fusion vector pGEX-5X-1 encoding GST-Ggalp-hinge/GAE (aa 332-557) This study
pCM3-1 GST fusion vector pGEX-5X-1 encoding GST-Ggalp-hinge/GAE (aa 332-557) containing CBS#1 mutation This study
pCMS8-3 GST fusion vector pGEX-5X-1 encoding GST-Ggalp-hinge/GAE (aa 332-557) containing CBS#2 mutation This study
pCM9-2 GST fusion vector pGEX-5X-1 encoding GST-Ggalp-hinge/GAE (aa 332-557) containing CBS#1 and CBS#2 This study
mutations
pCM103-3 GST fusion vector pGEX-5X-1 encoding GST-Gga2p-VHS/GAT (aa 1-336) This study
pCM43-5 GST fusion vector pGEX-5X-1 encoding GST-Gga2p-hinge/GAE (aa 337-585) This study
pCM98-1 GST fusion vector pGEX-5X-1 encoding GST-Gga2p-hinge/GAE (aa 337-585) containing CBS#1 mutation This study
pCM151B-1  GST fusion vector pGEX-5X-1 encoding GST-Gga2p-GAE (aa 472-585) This study
pCM152B-1  GST fusion vector pGEX-5X-1 encoding GST-Gga2p-Ahinge/GAE (aa 357-585) This study

¢ Plasmids are described relative to full-length or mutant proteins that they encode. Amino acid residues indicated in parentheses for plasmids encoding Ggalp and
GgaZ2p truncations indicate the residues deleted, while those indicated in parentheses for GST fusion constructs indicate the residues of Ggalp or Gga2p fused to GST.

CPY processing-sorting with the gga2-AGAE truncation com-
plementing the a-factor secretion and pro-a-factor processing
defects to the greatest level relative to other truncations.
Again, the gga2-Ah/GAE and gga2-AVHS mutants provided
intermediate levels of complementation while the gga2-AVHS/
GAT mutant provided little or no apparent complementation
of the ggalA gga?A mutant phenotypes. The ability of the
gga2-AGAE truncation to complement the CPY and a-factor
maturation phenotypes is not attributable to high expression
levels, as identical findings were seen with clones utilizing the
endogenous GGA2 promoter (data not shown). Together,
these findings reveal differential requirements for GGA do-
mains for function in vivo. Here, the GAE domain appears to
be largely nonessential for function in the assays employed.
Interestingly, the combined removal of the GAE and hinge
domains significantly reduced the ability to complement the
ggalA gga?A mutant phenotypes examined, indicating that the
hinge domain is important for function. Also, the VHS domain
appears important for function, as the AVHS truncation
largely failed to functionally replace wild-type Gga2p. Finally,
removal of VHS and GAT, the region implicated in ARF

binding in yeast and mammalian cells, domains completely
eliminated the function of the protein.

Ggalp and Gga2p interact with clathrin via consensus
clathrin-binding motifs. The requirement of the hinge domain
for function, even in the absence of the GAE domain (Fig. 3
and 4), suggests that the hinge fulfills a role other than just
linking the VHS/GAT and GAE domains of the GGAs. Inter-
estingly, sequence analyses of the yeast GGAs revealed the
presence of potential clathrin-binding motifs within their hinge
domains. These motifs resemble a five-residue L(L, I)(D, E,
N)(L, F)(D, E) consensus sequence found in a number of
clathrin-binding proteins, including human GGA1 and GGAZ2;
the B1, B2, and B3 subunits of mammalian AP complexes; and
B-arrestin (15, 16, 25, 48; for reviews, see references 24 and
48). Ggalp contains two such motifs, LIDFD and LLDFD,
while Gga2p contains one motif, LIDFN, which matches the
consensus sequence only for the first four residues (Fig. 5SA).
These sequences are herein referred to as CBSs (for clathrin-
binding sites). To test for GGA interactions with clathrin and
to assess the possible contribution of the CBS motifs to this
binding, a series of GST fusions containing sequences of
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Ggalp and Gga2p were produced (Fig. 5B). GST fusion pro-
teins were incubated with a yeast cytosolic extract, and bound
proteins were recovered and analyzed by SDS-PAGE followed
by immunoblot analysis using anti-Chclp antibodies (Materials
and Methods) (Fig. 5C). This analysis revealed strong clathrin
binding by the Ggalp and Gga2p hinge/GAE domains with
little or no apparent binding by the VHS/GAT domains (Fig.
5B shows estimations of relative binding strengths of GST-
GGA fusions). Mutation of the Ggalp CBS#1 and, to a lesser
degree, CBS#2 reduced clathrin binding relative to the wild-
type hinge/GAE. Mutation of both CBS#1 and CBS#2 elim-
inated most clathrin binding, though some residual binding was
reproducibly observed for this fusion. Similarly, mutation of

1B
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FIG. 3. GGA domains are differentially required for vacuolar sort-
ing. (A) Schematic representation of GGAl and GGA2 mutants an-
alyzed. Plasmids encoding wild-type Gga2p, Gga2p mutants containing
truncations of one or more designated domains and GAT point mu-
tant, wild-type Ggalp, and Ggalp GAT point mutant were generated
(Table 2 has plasmid descriptions) and transformed into ggalA gga2A
mutant cells. The scale indicates the ability of encoded proteins to
complement the ggalA gga2A CPY missorting phenotype as deter-
mined by relative percentages of CPY detected (i.e., missorted) in the
CPY colony blot below (values are listed in Table 3). Range employed:
+++, =5% (i.e., similar to wild type); ++, 6 to 25%; +, 26 to 50%;
+/—, 51 to 90%; —, 91 to 100% (i.e., similar to ggalA gga2A mutant).
Asterisks represent N215A and N219A mutations for GGAl and
GGAZ2, respectively. (B) Complementation of ggalA gga2A CPY mis-
sorting by GGAZ2 truncations. Wild-type cells transformed with vector
alone and ggalA gga?A mutant cells transformed with vector alone and
plasmids expressing wild-type Gga2p and Gga2p mutants indicated
were grown on SC-URA (selective) medium and blotted with a nitro-
cellulose membrane, followed by immunoblotting (IB) of the mem-
brane with anti-CPY antibodies as described in Materials and Meth-
ods. (C) Complementation of ggalA gga2A CPY processing defect by
GGA?2 truncations. Wild-type cells transformed with vector alone
(lanes 1 and 2) and ggalA gga2A mutant cells transformed with vector
alone (lanes 3 and 4) and plasmids expressing wild-type Gga2p (lanes
5 and 6) and Gga2p mutants indicated (lanes 7 to 14) were pulse-
labeled (P) for 10 min, and labeled proteins were chased for 15 min as
described in Materials and Methods. Lysates were subjected to immu-
noprecipitation with anti-CPY antibodies. Immunoprecipitated pro-
teins were resolved by SDS-PAGE, and forms of CPY are indicated as
in Fig. 1A. (D) Complementation of ggalA gga2A CPY missorting by
GGA1 and GGA2 GAT point mutants. Wild-type cells transformed
with vector alone and ggalA gga?A cells transformed with vector alone
and plasmids expressing wild-type GGA1 and GGA2 and GAT point
mutants were examined for CPY mislocalization as described for panel
B. (E) Test for possible dominant negative effect for gga2-AVHS/GAT
mutant protein. Wild-type cells transformed with vector alone and
plasmids expressing gga2-AVHS/GAT- and gga2-AVHS/GAT-contain-
ing point mutations in a putative clathrin-binding motif (CBS#1) (Ta-
ble 2 and Materials and Methods) and ggalA gga2A mutant cells
transformed with vector alone were analyzed as described for panel B
for CPY mislocalization. wt, wild type.
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the CBS#1 present in Gga2p greatly reduced, but did not
completely eliminate, clathrin binding. These results were sug-
gestive that hinge and GAE sequences other than the CBS
motifs may contribute to clathrin binding. To examine this, we
tested Gga2p hinge (minus the region containing the CBS#1
site)/GAE (construct Gga2p-Ah[357-471]/GAE) and Gga2p
GAE (construct Gga2p-GAE) sequences for binding. Results
showed that the GGA2 Ah[357-471]/GAE region is capable of
binding clathrin at levels above GST alone, the VHS/GAT
sequence, and two irrelevant GST fusions. Also, the GGA2
GAE domain is capable of reproducibly binding a slight, but
detectable, amount of clathrin.

Together, these results demonstrate that the yeast GGAs



7988 MULLINS AND BONIFACINO

TABLE 3. Percentages of CPY missorting in cells expressing wild-
type and mutant GGAI and GGA2-encoded proteins

Strain (plasmid) % = SEM“ I\tll?i;il(; f

Wild type (vector) 05=*=03 17
ggalA gga?A (vector) 100.0

ggalA gga?A (GGA2) 0702 12
ggalA gga?A (gga2-AGAE) 45+13 7
ggalA gga?A (gga2-Ahinge/GAE) 347 +20 10
ggalA gga?A (gga2-AVHS) 725 €19 9
ggalA gga?A (gga2-AVHS/GAT) 101.4 =19 5
ggalA gga?A (ggal-N215A) 13.5+22 10
ggalA gga?A (gga2-N219A) 259 = 3.6 10
Wild type (gga2-AVHS/GAT) 1.4 =07 4
Wild type (gga2-AVHS/GAT + CBS#1) 1.6 =0.7 4
ggalA gga2A (GGAI) 0.6 05 8
ggalA gga?A (ggal-CBS#1-CBS#2) 0.9 *=05 3
ggalA gga?A (ggal-AGAE) 43 +0.3 4
ggalA gga?A (ggal-AGAE + CBS#1-CBS#2) 13.6 =23 5
ggalA gga?A (gga2-CBS#1) 09 +0.3 4
ggalA gga?A (gga2-AGAE + CBS#1) 13.6 £33 4
ggalA gga2A (gga2-Ah[442-471)/GAE) 43+03 3
ggalA gga?A (gga2-Ah[409-471])/GAE) 20x03 3
ggalA gga2A (gga2-Ah[370-471)/GAE) 52x12 3
ggalA gga?A (gga2-Ah[409-471]/GAE + 11.7 £ 0.6 9

CBS#1)
ggalA gga2A (gga2-Ah[370-471]/GAE + 28.6 =19 9
CBS#1)

“ See Materials and Methods for method of calculating percent CPY missort-
ing and standard error of the mean (SEM).

bind clathrin mainly via consensus CBS motifs located in their
hinge domains. For Ggalp, it appears that two such motifs may
act together to bind clathrin, while for Gga2p, it appears that
only one such site is required for binding in vitro. Also, this
study reveals that other sequences in the hinge and ear also
contribute to interactions with clathrin in vitro.

Functional analysis of GGAs with CBS mutations and GAE
and hinge domain truncations in vivo. Next, we tested the in
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vivo requirement of the identified CBS sequences for GGA
function in the context of the full-length proteins as well as in
a series of GAE and hinge truncation mutants (Fig. 6A shows
a schematic of GGA Ahinge/CBS/AGAE mutants). Mutant
Ggalp and Gga2p were expressed in ggalA gga2A mutant cells,
and their function was assessed through assays for CPY sorting
and a-factor maturation (as described for Fig. 3 and 4 and in
Materials and Methods). Surprisingly, we found that mutation
of CBS sequences did not affect the function of Ggalp (Fig.
6B) and Gga2p (Fig. 6C) in vivo (Fig. 6A shows a summary of
results, and Table 3 shows percent CPY missorting values).
Recent studies, however, have shown that even though canon-
ical CBS motifs account for most of the clathrin-binding activ-
ity in vitro, other sequences cooperate to yield maximal bind-
ing, including the GAE domain of human GGA1 (39) and the
related ear domains of gamma-adaptin (18) and B2-adaptin
(34). Moreover, findings in this study demonstrate that GGA2
hinge and GAE sequences not containing consensus CBS mo-
tifs can interact, albeit weakly, with clathrin in vitro (Fig. 5).
These observations prompted us to test the effect of CBS
mutations in the context of GGAs with truncations of the GAE
and parts of the hinge domains. We observed that combining
the CBS mutations with deletion of the GAE domain resulted
in a partial loss of complementation for mutants of both Ggalp
(Fig. 6B) and Gga2p (Fig. 6C) (Fig. 6A shows a summary of
results). Estimations of the CPY missorting in these transfor-
mants using densitometry (Materials and Methods) revealed
an approximately 14% defect (Table 3) relative to ggalA gga2A
mutant cells transformed with vector alone (considered 100%).
Serial truncations of the hinge region of Gga2p revealed a
gradual loss of the ability to complement (Fig. 6C). Removal of
hinge residues 370 to 409 (compare gga2-Ah[409-471]/GAE
with gga2-Ah[370-471]/GAE) caused a particularly noticeable
decrease in activity (Fig. 6C), while further removal of hinge
residues 337 to 369, containing the CBS (compare gga2-
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FIG. 4. GGA domains are differentially required for a-factor maturation. (A) Complementation of ggalA gga2?A a-factor secretion defect by
GGAZ2 truncations. Strains described for Fig. 3 were spotted on a lawn of tester strain RC634 (MATa sst/-3). Relative growth inhibition of tester
lawn is indicative of level of mature a-factor secretion. (B) Complementation of ggalA gga2A a-factor-processing defect by GGA2 truncations.
Strains described for panel A were pulse-labeled, and processed and mature forms of a-factor were immunoprecipitated using anti-a-factor
antibodies. Immunoprecipitated proteins were resolved by SDS-PAGE and analyzed, and forms of a-factor and molecular mass standards are

indicated as in Fig. 2B.
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FIG. 5. Ggalp and Gga2p interact with clathrin in vitro. (A) Alignment of Ggalp and Gga2p hinge domains. Amino acid sequences
representing hinge domains of Ggalp and Gga2p are aligned, and positions of putative Ggalp CBSs (CBS#1, LIDFD, and CBS#2, LLDFD) and
a putative Gga2p CBS (CBS#1, LIDFN) are indicated. Black and gray shading represents amino acid identity and similarity, respectively. (B)
Schematic representation of GST-GGA domain fusions tested for clathrin binding. GST-Ggalp and GST-Gga2p fusions (Table 2 shows details
of GST expression constructs) are presented relative to their percent clathrin binding in vitro (as determined from panel C and calculated as
described in Materials and Methods). The asterisk represents alanine substitution mutations in CBS#1 and/or CBS#2 of Ggalp and CBS#2 of
Gga2p (Materials and Methods) as noted in names of fusions to the left. (C) Assay for in vitro clathrin binding. GST alone, GST fusions presented
in panel B, and irrelevant GST fusions (as negative controls) were expressed in bacteria, isolated, and incubated with a yeast cytosolic extract, and
fusion-bound protein complexes were recovered as described in Materials and Methods. Pull-down samples and trichloroacetic acid precipitants
of input lysates and post-pull-down extracts were resolved by SDS-PAGE (8% acrylamide gels) and analyzed by immunoblotting (IB) using
anti-Chclp antibodies (Materials and Methods). Aliquots of GST and GST fusions were resolved by SDS-PAGE and visualized by Coomassie blue
staining as a control for levels of fusions used in pull-down experiments.

Ah[370-471]/GAE with gga2-Ah/GAE), caused an even greater
loss of activity (Fig. 6C). These observations suggested that the
370-408 segment containing an unidentified element and the
337-369 segment containing the CBS are important for func-
tion. Combining either the gga2-Ah[409-471]/GAE or gga2-
Ah[370-471]/GAE hinge truncations with mutation of the CBS
diminished the ability of both constructs to complement. In
fact, the gga2-Ah[370-471]/GAE hinge construct with a muta-
tion of the CBS was as ineffective as the gga2-Ah/GAE con-

struct in complementing the CPY missorting defect. Both of
these constructs exhibited ~29 to 35% CPY missorting relative
to mutant cells transformed with vector alone. The lowered
ability of these Gga2p hinge and hinge-CBS mutants to com-
plement can also be seen in the a-factor maturation assay,
although this assay is somewhat less sensitive than the CPY
blotting assay employed.

Taken together, these observations suggest that the CBS
motifs in Ggalp and Gga2p contribute to Ggap function in
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mutations in CBS#1 and CBS#2 of Ggalp and CBS#2 of Gga2p as noted in names of fusions to the left. Numbers in brackets indicate residues
of hinge domains truncated from the respective mutants. (B) Complementation of ggalA gga2A CPY missorting and a-factor-secretion defects by
GGA1 mutants. Indicated strains were examined for relative levels of CPY missorting and secretion of mature a-factor as described for Fig. 3. (C)
Complementation of ggalA gga2A CPY missorting and a-factor-secretion defects by GGA2 mutants. Indicated strains were examined as described
for panel B. WT and wt, wild type.
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vivo. Evidence for this is seen from the above analyses in which
combining mutations in the CBS motifs with deletions of the
hinge and/or GAE domain results in diminished activity rela-
tive to the hinge and GAE deletions alone. One explanation
for the synthetic nature of these mutations is that the CBS
motifs and other sequences in the hinge and GAE domains
cooperate for GGA function.

Functional analysis of GGAs with VHS domain truncations
in vivo. Recent studies have demonstrated that the mammalian
GGA VHS domains interact with sorting signals in the cyto-
solic domains of sortilin (31), as well as the CD- and CI-MPRs
(38, 56). This suggests that VHS domains may be generally
involved in cargo recognition. To further examine the func-
tional importance of the VHS domain of the yeast GGAs, a
series of Gga2p VHS truncation mutants were prepared (Fig.
7A) and expressed in ggalA gga2A mutant cells. These mutants
were then assessed for their ability to complement the ggalA
gga?A phenotype using the CPY immunoblot and a-factor
secretion assays (as described for Fig. 6 and Materials and
Methods). Results in Fig. 7B show that removal of the first 39
residues produced little effect on the protein’s function while
truncation to residue 77 led to partial loss of complementation
(the gga2-AVHS[1-77] mutant) (Fig. 7A shows a summary of
results). However, further removal of residues 77 to 97 (the
gga2-AVHS[1-97] mutant) resulted in a loss of function appar-
ently equal to complete removal of the VHS domain (the
gga2-AVHS mutant). These results suggest that residues 77 to
97 delineate a region of the Gga2p VHS domain critical for
function. This region is highly conserved among GGA family
members and other proteins containing the VHS domain (Fig.
6C). Future studies will attempt to characterize the role of the
Ggap VHS domains and identify key residues within this con-
served block critical to this function.

DISCUSSION

Two pathways for the biosynthetic transport of vacuolar
proteins from the Golgi complex to the vacuole have been
described for S. cerevisiae. The first pathway, known as the
ALP pathway, involves direct transport from the late Golgi
complex to the vacuole and requires the AP-3 complex as well
as a number of VPS gene products. The second pathway,
known as the CPY pathway, involves sorting from the late
Golgi complex to the PVC prior to transport to the vacuole
and involves numerous VPS gene products and clathrin. In this
study, we present evidence that the yeast GGAs function pri-
marily in the CPY pathway of vacuolar sorting. We demon-
strate that disruption of the two GGA genes impairs processing
of CPY as well as PrA, both substrates of the CPY pathway. In
contrast, processing of alkaline phosphatase, a substrate of the
ALP pathway, is only slightly delayed in ggalA gga2A mutant
cells. This effect on ALP maturation may be indirect, perhaps
due to impaired sorting of the vacuolar hydrolase PrA, which
processes pro-ALP in the vacuole.

In addition to the defects in vacuolar sorting, we observe a
defect in vacuolar morphology in the ggalA gga?A mutant.
Mutant cells exhibit enlarged vacuoles with, in some cases,
surrounding smaller vacuolar structures. This phenotype is
analogous to the class F vps mutants (40) vps! and vps26, the
latter of which contains a defect in the p5S0 subunit of the
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retromer complex (44). The phenotype detailed here is there-
fore similar to that reported previously by Hirst et al. (22) for
cells deficient in the GGAs. The absence of a morphological
defect in GGA mutant cells reported in another study (55) may
have been due to a different genetic background or the growth
conditions used in that study. The class F vacuole morphology
is suggestive of abnormal accumulation of vacuolar material,
possibly due to increased delivery of plasma membrane-de-
rived vesicles containing cargo missorted from the Golgi com-
plex, as has been suggested for the vps/ mutant (32). Alterna-
tively, vacuolar material may accumulate due to defective
retrieval of late-endosomal-vacuolar proteins, shown to occur
in mutants of the retromer subunits including Vps26p (44) and
the vacuolar inheritance factor Vac7p (6).

Like other mutants affecting the CPY pathway (1, 10, 42),
including clathrin (35, 45) and vps! (53) mutants, the ggalA
gga2A mutant exhibits reduced processing of pro-a-factor. This
phenotype is likely due to missorting of Kex2p, the late-Golgi
network subtilisin-like protease that converts pro-a-factor to
mature a-factor (19, 28), to the vacuole possibly via the plasma
membrane. In support of this scenario is the mislocalization of
Kex2p in vpsl (32) and clathrin (35) mutants as well as the
decreased steady-state levels of Kex2p observed in our GGA
mutant (Fig. 2C) and vpsI (53) cells. In an apparently analo-
gous manner, the CPY receptor VpslOp is also missorted and
unstable in vps1 cells (8) as well as in other vps mutants (8, 43).
However, Vps10p localization has been reported as similar to
wild type for GGA mutant cells (22). In the GGA mutant, as
well as other vesicle formation-transport mutants, inefficient
incorporation of proteins into transport vesicles destined for
the PVC may induce default transport to the vacuole, thus
leading to the observed phenotypes. However, the possibility
that the GGAs also function in the recycling of Kex2p and
Vps10p from endosomes back to the Golgi complex cannot be
ruled out.

Compared to other adaptor-type proteins, a unique aspect of
the GGA family is their modular organization consisting of
distinct domains termed VHS, GAT, hinge, and GAE. Here
we demonstrate that these domains are differentially required
for yeast GGA function in the CPY pathway and in a-factor
maturation. Our results indicate that the VHS, GAT, and
hinge domains play important roles in GGA function while the
GAE domain appears less important in the assays used. These
in vivo findings are especially interesting in light of recent
studies that have addressed the function of individual mam-
malian GGA domains in vitro. The VHS domains of the hu-
man GGAs were recently shown to bind to acidic cluster-
dileucine signals of three receptors that traffic between the
TGN and endosomes: sortilin (31) and the CI- and CD-MPRs
(38, 56). Overexpression of a truncated GGA1 construct lack-
ing the hinge and GAE domains blocked transport of both
MPRs from the TGN (38), consistent with a role for GGALI in
TGN-to-endosome sorting. By analogy, it is tempting to spec-
ulate that the VHS domain of the yeast GGAs may be involved
in the recognition of sorting signals in the cytosolic tails of
proteins that cycle between the late Golgi network and endo-
somes. Yeast Kex2p, like its mammalian ortholog furin, and
Vps10p require sequences in their cytosolic tails for proper
localization (8, 19). However, neither the Kex2p nor the
Vpsl0p tail contains the exact combination of acidic and
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FIG. 7. Functional analysis of the GGA VHS domain. (A) Schematic representation of GGA2 VHS mutants analyzed. Plasmids encoding
wild-type Gga2p and Gga2p mutants containing serial truncations of the VHS domain were generated (Table 2 shows plasmid descriptions). The
relative ability of the encoded proteins to complement the ggalA gga2A defects in CPY sorting (as assessed in panel B) is indicated using the scale
described for Fig. 3. Numbers in brackets indicate residues truncated from the respective Gga2p mutants. (B) Complementation of ggalA gga2A
CPY missorting and a-factor secretion defects by GGA2 mutants. Wild-type cells transformed with vector alone and ggalA gga2A cells transformed
with vector alone and plasmids encoding wild-type Gga2p and mutants indicated were examined for relative levels of CPY missorting and secretion
of mature a-factor as described for Fig. 3. (C) Alignment of yeast and mammalian VHS domains. VHS domains from yeast and mammalian GGA
family members and VHS domains found in additional proteins are aligned relative to yeast Gga2p. Black and gray shading represents amino acid
identity and similarity, respectively. Residues marking sites of serial Gga2p VHS truncations are indicated. The region of the Gga2p VHS domain
(amino acids 77 to 97) demonstrated as important for protein function is indicated with a bar. wt, wild type.

dileucine residues important for interactions between the
above mammalian receptors and the mammalian GGAs. The
yeast prevacuolar syntaxin Pep12p contains an FSDSPEEF sig-
nal in its cytosolic tail that mediates sorting from the late Golgi
complex to late endosomes. This sorting is dependent on the
GGA:s, although interactions of the FSDSPEF signal with the
GGAs could not be demonstrated (2). Despite these facts, the
importance of the yeast GGA VHS domain to function in vivo

is apparent in analyses presented here. We show that deletion
of the VHS domain severely reduces the ability of GGA2 to
function in vivo (Fig. 3 and Table 3). However, it remains to be
determined whether this domain functions in binding sorting
signals in yeast. Also, point mutations of conserved residues of
the GGA1 and GGA2 GAT domains lead to reduced activity
(Fig. 3 and Table 3). The requirement of the GAT domain is
likely due to its ability to interact with the GTP-bound form of



VoL. 21, 2001

ADP-ribosylation factor (ARF) proteins, a family of ras-like
GTPases that regulate formation of transport vesicles (for re-
views, see references 3 and 17). This has been shown for both
the mammalian (16, 39) and the yeast (55) GGAs. Deletion of
the GAT domain of the yeast GGAs may thus prevent the
proteins from associating with the Golgi complex in vivo. The
GAE domain is the least important for the functions of the
yeast GGAs tested here. Expression of a gga2-AGAE mutant
protein appears to fully complement sorting phenotypes seen
in the ggalA gga?A mutant, independently of expression levels
(Fig. 2 and data not shown). However, the strong conservation
of this domain throughout evolution implies that it must play
an important, though as yet undetermined, role in GGA func-
tion.

Recruitment of cytosolic clathrin to donor membranes
drives the formation of secretory vesicles (for reviews, see
references 24 and 36). The functional clathrin molecule, the
triskelion, is composed of three heavy chains (Chc) and three
light chains (Clc). Deletion of the yeast CHC or CLC genes
results in extremely poor growth, defective endocytosis, and
missorting of Golgi proteins, indicating the importance of
clathrin in vesicle-mediated protein transport. Clathrin recruit-
ment to membranes is believed to be mediated by adaptor
proteins, such as the AP complexes. In mammalian cells, this is
a function of the AP-1, AP-2, and AP-3 complexes. In yeast,
however, only the AP-1 complex has been shown to associate
physically with clathrin (54). In addition, null alleles of genes
encoding AP-1 subunits, but not other AP genes, exhibit syn-
thetic interactions with clathrin mutants (54). Surprisingly, de-
letion of genes encoding AP-1 subunits alone or in combina-
tion with subunits of AP-2 and AP-3, as well as mutations in
yeast AP180, which binds clathrin in vitro (51), does not result
in the clathrin-minus phenotypes seen in clathrin deletion mu-
tants (23, 54). Furthermore, clathrin-coated vesicles which are
indistinguishable from those in wild-type cells can be isolated
from strains carrying multiple deletions of these genes (23, 54).
This has led to the proposal that other adaptor proteins must
exist that possess a redundant function in linking clathrin to
membranes.

Our observations indicate that the yeast GGAs may act as
clathrin adaptors in the CPY pathway. Upon initial sequence
analysis of the GGA family (16), we observed that their hinge
regions contained variants of the 5-aa L(L,I)(D,E,N)
(LLF)(D,E) clathrin-binding motif previously identified in a
host of mammalian proteins. These include the B-adaptin sub-
units of AP-1, AP-2, and AP-3; B-arrestins I and II (arrestin 3);
and amphiphysins I and II and epsin I (reference 48 and
references therein). Yeast Bl-adaptin (54) and yeast AP180
(51), as well as the two yeast epsins (52), also contain variants
of this motif. For some clathrin-binding proteins, the interac-
tion has been defined at the atomic level. For example, the
clathrin-binding motifs of B3A-adaptin and B-arrestin II bind
to a groove between blades 1 and 2 of the seven-B-propeller
structure of the clathrin amino-terminal domain (48). Despite
extensive evidence for interactions of this motif with clathrin in
vitro, however, the physiological roles of these interactions
have yet to be demonstrated. In a previous study, we showed
that the human GGAs interacted in vitro with clathrin mainly
via the clathrin-binding motifs in their hinge domains, although
the GAE domain also contributed to the binding to GGALl
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(39). Here we show that clathrin-binding motifs in the hinge
domains of yeast Ggalp and Gga2p also mediate interactions
with clathrin in vitro. Mutation of these clathrin-binding motifs
in the context of the full-length Ggalp and Gga2p had no effect
on CPY sorting and pro-a-factor processing. However, com-
bining mutations in the clathrin-binding motifs with removal of
the GAE domain and the carboxy-terminal two-thirds of hinge
(for Gga2p) and, to a lesser degree, with removal of the GAE
domain alone (for Ggalp and Gga2p) uncovered a require-
ment for the clathrin-binding motifs in GGA-mediated CPY
sorting and pro-a-factor processing. These observations indi-
cate that interactions of the GGAs with clathrin via the canon-
ical clathrin-binding motif contribute to GGA function in sort-
ing through the CPY pathway and the Golgi complex
maturation of a-factor. Because this contribution is apparent
only in the context of hinge and GAE deletions, however, our
results suggest that the hinge and GAE contribute additional
determinants for direct or indirect attachment to clathrin. This
belief is supported by findings in Fig. 5 which show that the
GGA2 h/GAE domains missing the region containing the ca-
nonical clathrin-binding motif can still bind clathrin in vitro.
This is in line with the emerging notion that optimal clathrin
binding in vitro involves cooperative interactions with two or
more clathrin-binding sites. Indeed, this has been demon-
strated for mammalian B2-adaptin (34), GGA1 (39), and gam-
ma-adaptin (18), all of which appear to interact with clathrin
via the hinge and GAE (ear) domains.

In conclusion, we have demonstrated that the VHS, GAT,
and hinge domains of the yeast GGAs fulfill essential functions
in vivo. In addition, we show that the hinge domains of the
yeast GGAs bind clathrin by virtue of canonical clathrin-bind-
ing motifs and that this ability is important for the function of
the GGAs in the CPY pathway of Golgi complex-to-endo-
some-vacuole sorting and in a-factor maturation.
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